Sardinia and Finland are the "hottest" areas for type 1 diabetes mellitus (T1DM) worldwide. Its genetic and epidemiological background make Sardinia an ideal region for investigating environmental, immunological, and genetic factors related to the etiopathogenesis of T1DM. Consequently, in 1990, the Insulin-Dependent Diabetes Mellitus Sardinia Project was launched in order to map the geographical distribution of T1DM in the island and to investigate preclinical phases of T1DM in a large cohort of people genetically at risk.
Introduction
Type 1 diabetes mellitus (T1DM) results from an autoimmune destruction of insulin-producing β cells. 1 Although T1DM accounts for 5-10% of the total burden of diabetes mellitus, it is the predominant endocrine disease in childhood and adolescence.
Since 1980, there has been an increase in the incidence of T1DM, 2 with an estimated overall annual increase of 2-5 % worldwide 3 and 3.2% in Europe, 4 and with a higher rate of increase among children <5 years of age. 5 The increase is steeper in the populations with a lower incidence, and in countries with the highest rates, there has not been any leveling off. 2, 3, 6 From an epidemiological point of view, Sardinia, the second largest Italian Mediterranean island, has the second highest incidence of T1DM in the world, after Finland. 4, 7 Moreover, the history of the Sardinian population, characterized by a prolonged isolation with a small number of founders and by a long history of settlements together with the pressure of selecting factors (such as malaria), has made the island a genetic isolate with a unique and stable distribution of alleles. 8 These genetic peculiarities together with the high incidence make Sardinia an ideal model to study T1DM, 5, 9, 10 allowing for much deeper insights into its natural history and potential solutions to prevent and to control T1DM and its complications.
Good data on the prevalence and the incidence of T1DM with reliable geographical resolution could provide health care planners and providers a good instrument for rational allocation of limited resources.
Epidemiological data are usually drawn out from registers, which are searchable lists of all patients with a particular chronic condition, that can often interface with an electronic medical record. 11, 12 Type 1 diabetes mellitus is ideally suited to be studied using a register currently based on capture-recapture method, and T1DM is particularly suitable for being captured because it is not too severe, it is not too frequent, it has a classic set of symptoms, and a simple test rapidly diagnoses the disease, so there are few misdiagnosed cases. Registers need a definition of cases: precise diagnosis of T1DM and the description of the population at risk (age range, geographical data, time period evaluated). Very simple data are needed for a register: name, date of birth, date of diagnosis, place of residence, and ascertainment status. Several sources of ascertainment are available to monitor diabetes. The choice of data sources is important in determining the accuracy of the estimated prevalence. 10 On the basis of the assumption that Sardinia is an ideal epidemiological observatory for T1DM, we have focused our efforts, and in 1990, the Insulin-Dependent Diabetes Mellitus Sardinia Project was started 13 with two main objectives: (1) to map the geographical distribution of the incidence of T1DM in the island and (2) to investigate pre-T1DM in a large children cohort. Achieving these two main objectives should allow for eventual identification of areas with a high or low prevalence of T1DM and pre-T1DM across Sardinia ("hot and cold spots project"). This should lead to design models of prediction to formulate safe preventive measures especially addressed to the general population living in areas at high risk. To these aims, several studies have been designed and others have branched out from the initial project. The studies can be divided into four main groups, with subgroups on the basis of the area of investigation: In this review, a survey on these studies is reported.
Studies for Monitoring T1DM Incidence: Epidemiology and Prevention of Diabetes; Aetiology of Childhood Diabetes on an Epidemiological Basis; Type 1 Genetic Epidemiologic Resource
The Epidemiology and Prevention of Diabetes (EURODIAB) started in 1989, supported by the European Union, with the objective to define the incidence, the complications, and the social impact of T1DM across Europe. The study has included teams from different places that belong to the European Union and from some countries that do not belong to the European Union (i.e., Israel) and comprises 40 different groups working together collecting data from a total of almost 30 million children initially aged 0-14 years, later extended up to 29 years. 14 Different phases of the initial project have followed each other, and from 1996 until the writing of this article, the last one, EURODIAB TIGER (Type 1 Genetic Epidemiologic Resource), is still ongoing, with the aim to define precisely the incidence of T1DM in the European population.
Current data confirm the North-to-South European gradient, with the highest incidence rate in Scandinavian countries and, interestingly, the exception of Sardinia, where the disease has a risk higher than expected, approaching that of Finland (Figure 1 ).
Since 1989, in Sardinia, a population-based and prospective register of T1DM occurring in children aged <15 years and living in the island was developed according to the EURODIAB criteria. 15 EURODIAB data analysis of an 11-year period (from 1989 to 1999) had shown these results for Sardinia:
1. The average yearly standardized incidence rate of T1DM is 38.8/100,000 (95% confidence interval [CI] 36.7-41.1), five to seven times higher than continental Italy. Interestingly, the incidence rate is the second (after Finland) highest worldwide. 4 2. The male-to-female ratio is 1.4 (95% CI 1.3-1.8).
The highest male-to-female ratio was registered in the age range 10-14 years (1.8).
3. The median age at the onset was 9 years for both sexes.
4. For both sexes, incidence was quite high at the age of 3 years (41.0/100,000).
5.
A statistically significant (p = .002) rising trend of incidence was observed from the beginning to the end of the study, with an estimated average yearly increase of 2.8% (95% CI 1.0-4.7), similar to the mean increase across Europe (Figure 2) .
The geographical distribution of T1DM risk within the four provinces of the island was mapped, showing that the highest incidence ("hot spot") was in the middle-western part of the island (Oristano Province, 45/100,000) followed by Cagliari (38/100,000) and Nuoro (35/100,000).
The province with the lowest incidence ("cold spot") was in the northwestern part (Sassari Province, 30/100,000) of the island (Figures 3 and 4) . However, it is remarkable that the incidence, even in the cold spot area, was three times greater than the mean incidence in mainland Italy 5,16-19 ( Figure 5 ).
Conscript Study
Using the Italian National Service Register (Conscript Register) related only to Sardinia, where T1DM is a cause of rejection, a series of birth cohorts of male army conscripts aged 18-19 years were screened to obtain new and more detailed information about temporal trends and geographical distribution of T1DM in Sardinia. 20 In the first report, an analysis was made of the birth cohort from 1936 to 1973, 18 identifying a total of 678 Sardinian (born and permanently residing) diabetic subjects. The point prevalence (× 1000) at the age of 20 years in the birth cohorts ranged from values close to zero for the first 10 cohorts (1936) (1937) (1938) (1939) (1940) (1941) (1942) (1943) (1944) (1945) up to a maximum of 3.08 (95% CI 22.8-4.08) for the 1966 cohort and continued to be high thereafter, although an apparent decrease was observed from the early 1970s birth cohorts. Type 1 diabetes mellitus was distributed throughout the four provinces of Sardinia without any significant heterogeneity; however, according to the geographical distribution of diabetes from EURODIAB data, the highest prevalence of disease was observed in the Cagliari and Oristano provinces, followed by Nuoro and Sassari.
These data suggest a gradually increasing trend of male T1DM in Sardinia, with a 29-fold increase between the late 1930s and the late 1960s birth cohorts. This confirms the high incidence of T1DM in the 0-14 year age groups reported among Sardinians during EURODIAB-ACE (Aetiology of Childhood Diabetes on an Epidemiological Basis). 17 To update the prevalence, a second retrospective analysis was conducted on a total of 83,807 Sardinian males aged 18 years (birth cohort 1974 to 1979), virtually representative of the whole Sardinian population of that age and sex. A total of 307 Sardinian T1DM subjects were identified, and T1DM prevalence was 3.66/1000 (95% CI 3.28-4.09). These data were concordant with the first survey and the EURODIAB data confirming the south-to-north gradient of T1DM across the island.
No significant temporal trend of prevalence was seen in the six years examined. By pooling data of both birth cohorts studied, the increasing trend of prevalence and the progressive increase of the T1DM risk among males in Sardinia were confirmed 20 (Figure 6) .
Migrant Studies
The etiology of T1DM is still largely unknown, but the most widely accepted hypothesis is that the disorder has a multifactorial origin, involving a complex interaction among genetic predisposition, 21 immunological determinants, and environmental agents. 22 One way to understand the potential role of environmental factors compared with genetic predisposition toward T1DM is to study the migrant populations.
For this purpose, different reports have been carried out on the Sardinians and their offspring migrated to mainland Italy.
Muntoni and coworkers 23 evaluated the incidence of T1DM in children born in Lazio (low-incidence region) but whose parents came from Sardinia (high-incidence region Calori and colleagues 25 studied Sardinian-heritage children in Lombardy (low-incidence region, as Lazio). Sardinian-heritage children with both Sardinian parents had a relative risk of developing T1DM of 3.4 (CI 1.3-9) and 2.0 (CI 1.2-3.3) if only one parent was Sardinian, compared with children whose parents were not Sardinian. 
Newborns Sardinia Insulin-Dependent Diabetes Mellitus Study
Susceptibility to develop T1DM is largely inherited, residing predominantly in specific human leukocyte antigen genotypes. 38, 39 The next step requires exposure to one or more environmental triggers that alter the immune function, thereby initiating β-cell destruction. Various environmental triggers, e.g., certain viruses, 40, 41 dietary components, 42 and environmental toxins, 43 have been proposed as triggering the autoimmune process.
It is completely unknown precisely when those external triggers start to act, and one cannot exclude the possibility that they may even act as early as in utero. The NSIS was developed with the intention of further clarifying the natural history of the disease as early as from birth and identifying the island areas where individuals are at higher potential risk of developing T1DM.
Cordal sera of all newborns of the island were collected between 1994 and 1996. A preliminary evaluation of the appearance of ICA was tested in cord blood samples to verify the role of their transplacental crossing into fetal blood as a possible risk factor for T1DM. Subsequently, children at risk recruited were investigated from the clinical, genetic, and immunological testing (ICA, GADA, and IA-2A) standpoint and followed up with over time for new cases of T1DM.
Initial results on the prevalence of ICA detected in cordal sera were as follows:
1. The overall prevalence of ICA is 3.9% for titers ≥5 JDF 44 units, 3.0% for titers 5-20 JDF units, and 0.9% JDF units for titers >20.
Tenconi and associates 26 carried out a prevalence study of T1DM in the Sardinian population that migrated from the island to Pavia. A total of 10 patients affected by T1DM were identified (prevalence = 4.4/1000, CI 95% 2.1-8.1).
Preliminary data showed that the prevalence of T1DM in the Sardinian emigrants is still higher compared to the general population of the same geographical area and that, interestingly, the age of the disease onset seems to be delayed in the individuals who developed diabetes after emigration compared with the ones who live on the island.
In the second part of the study (called "wet"), a total of 554 Sardinian immigrants and their 226 offspring (21.7% with both Sardinian parents and 78.3% with only one Sardinian parent) were evaluated for the presence of risk haplotypes and/or autoantibody positivity. High-risk patients (genetic and/or autoantibody positivity) were then followed up on for seven years. Results showed a higher prevalence of glutamic acid decarboxylase autoantibodies (GADA) positivity within Sardinian immigrants. GADA positivity may be considered as the detectable marker of pre-diabetes and, in high-risk individuals, may allow diagnosis of a subclinical phase of T1DM. 27, 28 We can conclude that studies on Sardinian immigrants (genetically prone to the disease) appear to be in contrast with the environmental hypothesis and emphasize the pivotal role of genetic susceptibility in developing T1DM. 25, 29, 30 
Studies on Pre-Type 1 Diabetes Mellitus
The autoimmune attack of β cells often initiates several years before the clinical onset of T1DM. This "preclinical phase" (pre-T1DM) has been described as related to the presence of several islet cell autoantibodies. Four are considered as predictive markers of T1DM: islet-cell autoantibodies (ICA), 31 GADA, 32 autoantibodies to insulin, 33 and autoantibodies to tyrosine phosphatase-like protein (IA-2). 34, 35 It is noteworthy that, even in individuals at risk, the predictive value of diabetes-related autoantibodies is dependent on titer and on the multiplicity of circulating antibodies. 36 Moreover, the occurrence of T1DM is sporadic in about 90% of cases, and studies carried out on unselected individuals suggest that multiple islet antibodies determination also has a significant predictive value in the general population. 36, 37 2. The geographical pattern of ICA prevalence followed a north-to-south gradient different from that of the incidence of overt T1DM. 15, 28 Follow-up data indicate that (1) GADA tends to appear before ICA and IA-2A at year 1, (2) there is a significant increase in the development of ICA at year 2 when compared with year 1, and (3) children developing T1DM before 3 years of age appeared to be ICA negative at birth (cord blood) but positive at the onset of the disease. Moreover, from the epidemiological point of view, it appears that there is a possible increase in the incidence of T1DM in children under 3 years of age. 15, 45 To the best of our knowledge, the NSIS is the first study that identified the initial and subsequent appearance of the known islet-related immunological markers in a population living in an area of high incidence of T1DM, such as Sardinia.
Sardinia Schoolchildren Insulin-Dependent Diabetes Mellitus Study
This prospective study was conducted between 1986 and 1994 on 8448 of the same schoolchildren studied for the incidence of goiter in Sardinia. 45 Purposes of the SSIS have been (1) to clarify the natural history of the disease in "sporadic" versus "familial" cases and (2) to define the predictive value of autoantibody positivity (single or combined) in relation to the risk of future T1DM.
All schoolchildren were evaluated for the presence of three diabetes-related autoantibodies (i.e., ICA, GADA, and IA-2A) and have been followed up with for a period of 10 years. Schoolchildren with T1DM at the time of recruitment were excluded from the study.
The main conclusions from this study are as follows:
1. Any single antibody tested showed a sensitivity greater than 64.9% and a positive predictive value lower than 16%. Positivity to any single autoantibody gave a specificity to develop T1DM greater than 97%.
2. The risk of developing T1DM within 10 years from enrollment was 55.3 times higher in positive to any single autoantibody tested and increased 14.5 times for any double positivity.
3. Only 3 out of 43 (7%) schoolchildren who developed T1DM within these 10 years were negative to all autoantibodies.
4. Combination of ICA and IA-2A positivity reached a positive predictive value of 51.3%.
These data support the importance of screening multiple autoantibodies among young Sardinians to identify progressor individuals (Dr. Songini personal communication).
Trial to Reduce Insulin-Dependent Diabetes in Ethnically At-Risk
The TRIGR project is an ongoing international multicentric study in which 2800 newborns in the world have been enrolled (around half of Italian cases are from Sardinia).
The project aims to assess the hypothetical diabetogenic role of cow's milk consumed during the first months of life in genetically at-risk newborns (first-degree relatives with diabetes).
In this double-blind randomized study, one group of newborns is being fed with conventional cow's milk whereas the other group is being fed with casein hydrolyzed milk.
This study is based on the hypothesis that the second group should develop diabetes-related autoantibodies and thus overt disease with lower incidence compared to the control group.
The study is still ongoing, and if the hypothesis is confirmed, a primary prevention of T1DM may be implemented.
Environmental Factor Study and the Ecological/ Environmental/Veterinarian Variables Type 1 Diabetes Mellitus Study
Several environmental factors and their relation to T1DM have been investigated in Sardinia:
1. Seasonal patterns. As already reported in other countries, the peak of incidence of T1DM occurs in the autumn-winter seasons, 47 and the prevalence of T1DM is higher in older males in high-risk areas. 18 2. Temperatures and rates of precipitation. The Sassari province, which has the lowest incidence of T1DM on the island, also has the lowest temperature, with the highest rainfall. 10, 19 3. Correlations.
a. On the island, there is no overlap between areas with high prevalence of T1DM and areas of both past and present epidemic disorders, such as thalassemia, malaria, and glucose-6-phosphate dehydrogenase deficiency. 10 b. A positive correlation between the occurrence of T1DM in cow's milk rather than breastfed children has not been confirmed, although the study was carried out in the province of Sassari only. 48 c. No correlation between T1DM incidence and nitrate intake with drinking water. 49 d. No correlation has been found between T1DM incidence and intake of casein A1 and B, which are supposed to be diabetogenic. Conflicting data are reported regarding the association between cow's milk intake and incidence of T1DM on the island, being the Italian region with both the highest diabetes incidence and the highest cow's milk intake. However, Sardinia lies far from the regression line between cow's milk intake and T1DM incidence drawn from European data. 50, 51 The impact of environmental factors will be extended by comparing "hot" and "cold" areas for incidence of the disease. A possible relationship between T1DM and disease affecting domestic animals (e.g., dogs, cats, cattle, equine, and swine) will also be investigated.
Conclusions
Historical and geographical peculiarities confer a rare ethnic homogeneity to Sardinia that has been maintained for several centuries. Together with its high incidence of T1DM, this creates a unique epidemiological observatory, where the dynamics of the events leading to T1DM could be investigated deeply.
By taking advantage of our framework, following epidemiological trends of T1DM, our ultimate objective is to map the island for "hot and cold spots" of T1DM and pre-T1DM in order to identify areas where the resident population could have an increased risk for developing T1DM. Identifying "hot areas" and studying environmental, genetic, and immunological characteristics of residing population should allow scientists to gain decisive insights into the etiopathogenesis of the disease.
